spectroscopy (MRS) and repeating these tests using the same mice at 4, 5 and 6 months of age. Our results showed progressive cerebral atrophy, which was associated with histological loss of neuronal content and increase in astroglia. Remarkably, while the brain volumes in Ppt1 -KO mice progressively declined with advancing age, the MRS signals, which were significantly lower than those of their wild-type littermates, remained virtually unchanged from 3 to 6 months of age. In addition, our results also showed an abnormality in cerebral blood flow in these mice, which showed progression with age. Our findings provide methods to serially examine the brains of mouse models of neurodegenerative diseases (e.g. Ppt1 -KO mice) using noninvasive and nonlethal procedures such as MRI and MRS. These methods may be useful in studies to understand the progression of neuropathology in animal models of neurodegenerative diseases as they allow repeated evaluations of the same animal in which experimental therapies are tested. , the most lethal disease, is caused by inactivating mutations in the palmitoyl-protein thioesterase-1 (PPT1) gene. The availability of Ppt1 -knockout ( Ppt1 -KO) mice, which recapitulate virtually all clinical and pathological features of INCL, provides an opportunity to test the effectiveness of novel therapeutic strategies in vivo. However, such studies will require noninvasive methods that can be used to perform serial evaluations of the same animal receiving an experimental therapy. Thus, the development of noninvasive method(s) of evaluation is urgently needed. Here, we report our evaluation of the progression of neurodegeneration in Ppt1 -KO mice starting at 3 months of age by MRI and MR
Introduction
Neurodegeneration is a devastating manifestation in the majority of more than 40 lysosomal storage disorders [reviewed in 1, 2 ] and the development of effective treatment for these disorders remains challenging. The neuronal ceroid lipofuscinoses (NCLs), also known as Batten disease, represent a group of common (1 in 12,500 births) neurodegenerative lysosomal storage disorders that primarily affect children [3] [4] [5] [6] [7] [8] [9] [10] [11] . To date, mutations in eight different genes have been reported to cause various types of NCLs [9, 10] . The infantile form of NCL (INCL), also known as infantile Batten disease, is a rapidly progressive, uniformly fatal neurodegenerative storage disorder without any effective treatment [6] . Children with INCL are normal at birth, but by 11-18 months of age they develop psychomotor retardation. By 2 years of age, these children are completely blind due to retinal degeneration and by 4 years of age they fail to manifest any brain activity. These children remain in a vegetative state for 6-8 more years before death. These grim facts underscore the necessity for developing effective therapeutic strategies.
Palmitoylation (also known as S-acylation) is a posttranslational modification in which a 16-carbon fatty acid, palmitate, is attached to specific cysteine residue(s) in polypeptides via thioester linkage [12] [13] [14] [15] . To date, more than 100 proteins have been reported to undergo palmitoylation [12] and this list continues to grow. A large number of these proteins are represented in the central nervous system [12] [13] [14] . While palmitoylation is required for the function of many proteins, depalmitoylation (removal of palmitate) is also critical for these proteins to recycle or be degraded by lysosomal proteases [16] . Currently, two enzymes are known to catalyze depalmitoylation of S-acylated proteins. Among these, acylprotein thioesterase-1 [17] and acyl-protein thioesterase-2 [18] are cytosolic, while palmitoyl-protein thioesterase-1 (PPT1) [19, 20] and PPT2 [21] are lysosomal enzymes [22, 23] . The importance of dynamic palmitoylation (palmitoylation/depalmitoylation) of S-acylated proteins is well recognized, especially in the central nervous system [24, 25] as mutations in a gene encoding a depalmitoylating enzyme, PPT1, cause a devastating neurodegenerative storage disorder, INCL [26] . PPT1 catalyzes the cleavage of thioester linkage in palmitoylated (S-acylated) proteins, which is required for their degradation by lysosomal proteases [6, 16] . Thus, it has been suggested that lack of PPT1 activity leads to abnormal lysosomal accumulation of undegraded lipid-modified proteins (constituent of ceroid), causing INCL pathogenesis.
However, the precise molecular mechanism(s) underlying INCL pathogenesis remains poorly understood. Consequently, the development of rational and effective therapies remains challenging.
Ppt1 -knockout ( Ppt1 -KO) mice [27] recapitulate virtually all clinical and pathological features of human INCL, providing a reliable animal model for this disease [28] which can be used to test novel therapeutic approaches. Although neuropathology of these mice has been studied extensively, the progression of neurodegeneration in live Ppt1 -KO mice using noninvasive methods, to our knowledge, has not been documented. Clearly, reliable noninvasive methods are urgently needed to repeatedly test the effects of potential therapeutic interventions in vivo. The Ppt1 -KO mice provide a reliable model for obtaining the proof of principle that such therapeutic strategies are effective. Towards this goal, we sought to determine whether the use of MRI and MR spectroscopic (MRS) analyses of the brain are useful methods for repeated evaluation of disease progression in Ppt1 -KO mice. Here, we report that MRI and MRS are useful techniques that can be applied repeatedly to evaluate the progression of neurodegenerative changes in the brain of live Ppt1 -KO mice. Our results suggest that these techniques may be useful for delineating the effectiveness of novel therapeutic approaches for INCL.
Animals and Methods

Animals
Ppt1 -KO mice were generated by targeted disruption of the last exon in the Ppt1 gene in embryonic stem cells as previously reported [27] . These mice were subsequently backcrossed for 10 generations with wild-type (WT) C57BL/6 mice in order to obtain congenic C57 background and a breeding pair was kindly given to us by Dr. Mark Sands to start our colony at the NIH. An animal study protocol to conduct the MRI/MRS studies was approved by the institutional (NICHD, NIH) animal care and use committee. Age-and sex-matched Ppt1 -KO mice and their WT littermates were used for these studies.
Brain MRI/MRS of Ppt1 -KO Mice and Their WT Littermates
Ppt1 -KO mice (n = 5) and their WT littermates (n = 4-5), were anesthetized with 1.5% isoflurane and allowed to breathe spontaneously. Since the mice were not mechanically ventilated, pCO 2 was not monitored. The dorsal tail veins of mice were positioned in a stereotaxic holder for MRI/MRS and catheterized in order to administer ultrasmall iron oxide particles (USPIO) as contrast. The body core temperature was maintained at 37 ° C using a circulating water pad and monitored throughout the procedure. MRI was performed on a 7-Tesla 21-cm horizontal scanner (Bruker Avance, Billerica, Mass., USA) with the brain centered in a 72 volume (transmit)/25 mm surface (receive) radio frequency coil ensemble to record the MR signal.
MR images, acquired in three mutually orthogonal directions, were used as a scout to obtain qualitative and quantitative information of the brain tissue of the normal and Ppt1 -KO mice. First, specified via the pilot scans, multiple slice fast-spin echo [spinspin relaxation (T 2 )-weighted] axial images, encompassing the whole brain [number of averages = 8, echo train length = 8, repetition time (TR) = 3,000 ms, echo time (TE) = 10 ms, in-plane resolution = 75 m, slice thickness = 1 mm] were acquired to calculate the brain volume of these mice at 3, 4, 5 and 6 months of age. Subsequently, studies were performed using different cohorts of 3-and 6-month-old mice. A set of gradient echo [spin lattice relaxation time (T 1 )-weighted] images (TR/TE = 300/6 ms), at identical locations and resolution as in images described above, was acquired before and 5 min after the infusion of USPIO (20 mg Fe/kg body weight; BioPhysics Assay Labs Inc., Worcester, Mass., USA).
Five, 1-mm thick, spin-spin (T 2 ) relaxation time-weighted (TE = 10 ms, TR = 3,000 ms, 16 echos, in-plane resolution = 150 m) and diffusion-weighted (DW) [TE = 30 ms, TR = 3,000 ms, time between gradient sensitizing gradients ( ⌬ ) = 20 ms, 4 gradient sensitizing-b-values from 0-1,500 mm/s, 3 orthogonal directions, 10 min/per scan] axial images were acquired. These five slices were positioned with 2-mm gaps between each slice in the anterior-posterior direction; the first slice was approximately 6 mm posterior to the bregma.
MRS was performed on a localized volume element (voxel -2.5 mm 3 ) that was positioned approximately 1 mm anterior to the bregma, encompassing the major part of the frontal cortex with some overlap in the hippocampus and cerebrospinal fluid. First, using the MR spectra of the dominant water peak, acquired using a point-resolved spectroscopy pulse sequence (TR/TE = 1,500/16 ms, number of averages = 44,000 data points), the magnetic field within this voxel was optimized to be as homogeneous as possible ( 1 5 min). In order to achieve similar metabolite peak resolutions, the magnetic field optimizations were performed until the average half-height line width of the water resonance peak was 22.2 8 1.9 Hz. Subsequently, the same point-resolved spectroscopy sequence was repeated (number of averages = 512, total scan time = 25 min) after incorporating the appropriate pulse sequence to suppress the dominant water peak within that chosen voxel. The total imaging time taken to complete all of the procedures mentioned above was approximately 1.5 h per mouse. The brain volumes and areas under the MR spectral peaks were calculated using MRI scanner display software (Bruker Biospin Inc., Billerica, Mass., USA). The areas encompassing the brain, in each slice, were evaluated by drawing regions of interest and then multiplying by the slice thickness (1 mm) to calculate the volume. The water-suppressed MR data were processed and spectral chemical shifts were assigned with respect to the creatine peak (3.05 ppm). Analysis of the complex spectra were confined to those peaks that corresponded to creatine, choline (3.22 ppm), N-acetyl aspartate (NAA, 2.06 ppm) and myoinositol (3.6 ppm), and were evaluated by deconvoluting those peaks to a Lorenztian line shape and calculating the areas under those peaks which were proportional to the metabolite concentrations within the chosen voxel.
Quantitative (T 2 ) and apparent diffusion coefficient (ADC) maps, from T 2 and DW images, and relative cerebral blood volumes (rCBV) for regions of interest in selected anatomical areas of the cortex (frontal, parietal) and hippocampus were calculated using programs written in MATLAB (Mathworks Inc., Natick, Mass., USA). In order to present the results, region of interest results from the left and right hemispheres and each region (frontal, parietal) were averaged for each slice and subsequently averaged over all slices.
Golgi-Cox Staining
Brains from 3-, 4-, 5-and 6-month-old Ppt1 -KO mouse and those of their WT littermates were used for Golgi impregnation using the EZ Golgi Kit (Cornell University). The EZ Golgi Kit (solution A and B) was stored in a dark place at 4 ° C and all incubations were performed without exposure to light. Briefly, freshly extracted brains from the skull were immersed in solution A (30 ml/brain) for 7-10 days at room temperature. Following incubation in solution A, brains were transferred to 30% sucrose solution (30 ml/brain), and incubated for a minimum of 2 days at 4 ° C; after the initial incubation for 10 h, the sucrose solution was changed once. The brain samples were then embedded in 3% low-melt agarose solution and 150-m thick serial sections were prepared at room temperature using a Pelco 1050 vibratome. The sections were floated on a 30% sucrose water bath at room temperature and immediately mounted on 0.3% gelatin-treated glass slides. The tissue sections on slides were dehydrated at room temperature for 3-5 min and then brushed with 50% sucrose solution to prevent cracking. The tissue sections on slides were then allowed to air dry for at least 48 h. Slides were then dipped 3 times (10 min each) in double distilled water with gentle shaking, transferred to developing solution for 5-10 min and rinsed three times (10 min each) in double distilled water. This was followed by passing them through a series of increasing concentrations of ethanol for dehydration, and then they were cleared 3 times (5 min each) with Histoclear and mounted with coverslip using DPX mounting medium.
Immunohistochemistry
The mouse brain tissues were fixed in 3.7% paraformaldehyde, embedded in paraffin and processed for histological analyses. The brain sections were incubated with rabbit anti-glial fibrillary acidic protein antibody (1: 200; Affinity Bioreagents, Rockford, Ill., USA) at 4 ° C overnight. After rinsing three times with 1 ! PBS, the sections were incubated with polyclonal anti-rabbit biotinylated secondary antibody (1: 500; Vector Laboratories, Burlingame, Calif., USA) for 1 h at room temperature. The sections were washed in 1 ! PBS and subsequently incubated with prepared ABC complex according to the manufacturer's protocol (Vector Laboratories). The immunostained sections were then analyzed using a Spot RT3 microscope.
Statistical Analysis
Statistical analyses of data were performed using two-way ANAOVA for Ppt1 -KO versus WT mice and p ! 0.01 was considered significant.
Results
Evaluation of Age-Dependent Progressive Decline in Brain Volume in Ppt1 -KO Mice by MRI
The progression of neurodegeneration in INCL patients is rapid and initially involves the cerebral cortex. Ppt1 -KO mice [27] recapitulate virtually all characteristic clinical and pathological features of INCL [28] , including reduced volume of cortical and subcortical regions of the brain and sparing of the cerebellum [29] . Thus, we sought to determine whether brain volumes calculated from MR images can be used to noninvasively evaluate the progression of brain degeneration in Ppt1 -KO mice. Accordingly, we performed brain MRI of WT mice and their Ppt1 -KO littermates at 3 months of age and repeated the procedure at 4, 5 and 6 months of age. The calculated brain volumes (in cm fig. 1 f-i ) undergo progressive and significant reductions in brain volume. Although qualitative image analysis did not show discernible visual changes, the differences in brain volumes of Ppt1 -KO mice and their WT littermates (calculated using the T 2 -weighted images) were clearly appreciable at 3 months of age ( fig. 1 a) . These differences became markedly conspicuous from 4 months of age ( fig. 1 a) , which progressed further to significant atrophy around 6 months of age. Due to the marked atrophy of the brain in Ppt1 -KO mice, accumulation of extracerebral fluid collection was visualized as hyperintense areas of the brain of these mice at 6 months of age ( fig. 1 i) . Consistent with these observations, similar findings were recently reported in INCL patients [30] . In addition to the reduction in cortical volumes, the size of lateral ventricles, especially of 6-month-old Ppt1 -KO mice, was appreciably enlarged. However, in this study, we did not make any attempt to evaluate the changes in ventricular size. Taken together, our results show a rapidly progressive decline in cortical volume, which is detectable as early as 3 months of age of these mice. These results are consistent with neurodegeneration beginning at an early age and continuing over time, as previously reported in patients with INCL [3, 4] .
MR Spectral Analysis
Decline in several brain chemicals including NAA is a reliable measure of neurodegeneration [31, 32] . Accordingly, we monitored several brain chemicals in Ppt1 -KO mice from MR spectra ( fig. 2 a) and calculated their relative concentrations. The results of our analysis of the spectra from selected brain chemicals and metabolites ( fig. 2 b and c, arrows) allow us to make several conclusions. First, there was a significant reduction in creatine ( fig. 2 d) in the brains of 6-month-old Ppt1 -KO mice compared with those of their WT littermates (p ! 0.01 for 6-month-old Ppt1 -KO vs. WT mice). Second, the brain choline levels declined significantly ( fig. 2 e) , suggesting the possible loss of vital membrane and myelin constituents (p ! 0.01 for 6-month old Ppt1 -KO vs. WT mice). The reduction in choline levels in Ppt1 -KO mice as early as 3 months of age may be an early indication of the onset of neuronal death, most likely by apoptosis, which has been previously reported to increase with advancing age in these mice [33] [34] [35] [36] . Third, compared with their WT littermates, the brains of Ppt1 -KO mice contained appreciably lower levels of the neuronal marker NAA at all age groups ( fig. 3 f) , indicating that there was significant loss of neurons in the diseased mice even at the lowest agegroup studied (p ! 0.01 for 3-month-old Ppt1 -KO vs. WT, and p ! 0.01 for 6-month-old Ppt1 -KO vs. WT mice). Finally, the elevated levels of myoinositol ( fig. 2 g) in the brain of 6-month-old Ppt1 -KO mice (p ! 0.05 for 6-month old Ppt1 -KO vs. WT mice) suggested a greater presence of activated astroglial cells, which infiltrate the brain most likely to scavenge the apoptotic neurons [37] . These results suggest a pattern of transition from a predominantly neuronal population to activated astroglia with age in Ppt1 -KO mice.
ADC and T 2 Measurements
Diffusion of water in the heterogeneous brain tissue can be probed by DW-MRI. DW-MRI yields in vivo images of brain tissues that depict the diffusion of water kindred to the local microstructural characteristics. In DW imaging, each image voxel (a 3D volume element) has an image intensity that reflects the single best measurement of the rate of water diffusion at that location. The apparent water diffusion coefficients can be calculated by acquiring two or more images with a different gradient, duration and amplitude. Thus, ADC measures the magnitude of diffusion, while the contrast in the ADC images depends on the spatially distributed diffusion coefficient of the tissues. The facilitation or hindrance to diffusion of water within the microenvironment of the brain tissue is reflective of the ADC maps. The average ADC maps (from three different orthogonal directions) render voxel-by-voxel information into microstructural integrity of the tissue. Thus, we measured the ADCs of the cerebral cortex in Ppt1 - KO fig. 3 a) in Ppt 1-KO mice (p ! 0.009), which increased with age. As expected, the ADCs in WT mice did not increase with age (p ! 0.4) as previously reported [38] fig. 3 b) . Taken together these results suggest that in the Ppt1 -KO mouse brain, ADCs are markedly higher than in those of their WT littermates, indicating alteration in the brain microenvironment and disruption of brain tissue integrity in these mice.
Progressive Loss of Neurons and Increased Astroglia in the Brain of Aging Ppt1 -KO Mice
The results of MRI and MRS analysis described above suggest a loss of brain volume, decreased neuronal marker and increased astroglial marker in the Ppt1 -KO mouse brain. However, it is not clear whether these MRI and MRS findings correlate with actual loss of neurons and increased astroglia. Accordingly, we carried out immunohistological analyses of the brain sections from 3-, 4-, 5-and 6-month-old Ppt1 -KO mice and those of their WT littermates using Golgi-Cox staining (for detecting neurons) and glial fibrillary acidic protein (for astroglia), respectively. Our results show that while a comparison of neuronal density (neurons/mm old WT mice (n = 3) with that of their Ppt1 -KO littermates (n = 3) showed virtually no difference, there were significant (p ! 0.01) differences between neuron density in the cerebral cortex of 6-month-old WT mice (n = 3) and that of their Ppt1 -KO littermates (n = 3; fig. 4 a, b) . In addition to the loss of neuronal density, there was a significant increase in the density of astroglial cells ( fig. 4 c, d ). These results show a marked decline in neuronal density and a significant increase in the number of astroglial cells in the cortex of 6-month-old Ppt1 -KO mice ( fig. 4 b, d) . These results also demonstrate that the decline in brain volume determined by MRI correlate well with that of actual neuronal loss in the brain and a marked increase of astroglial population.
Changes in rCBV in Ppt1 -KO Mouse Brain
Cerebral perfusion maintains the hemodynamic demands of microscopic environments in the brain. Variation in cerebral blood flow and rCBV signify changes in brain perfusion. Thus, rCBV estimates the fraction of tissue volume occupied by blood vessels. The contrast agent USPIO remains intravascular and produces hypointense signals in MRI, which can be related to rCBV. The brain perfusion in atrophic brains may show differences, which are reflective of rCBV images. The results of our calculations show a significant increase in rCBV of 6-month-old Ppt1 -KO mice compared with that of their WT littermates (p ! 0.0003; fig. 5 a, c, e) . Interestingly, the differences in rCBVs between 3-month-old Ppt1 -KO mice and that of their WT littermates are not significant (p ! 0.51; fig. 5 b, d ). These results may signify changes in vascular integrity, which progressively gets worse in the Ppt1 -KO mice with age.
Discussion
In this study, we demonstrated that neurodegeneration in Ppt1 -KO mice can be repeatedly evaluated by combining MRI and MRS analyses. Brain volume changes were detectable as early as 3 months of age in the Ppt1 -KO mice and these changes progressed with increasing age as observed in INCL patients [30] . Elevated ADC values in Ppt1 -KO mice suggested alteration in the brain microenvironment and disruption of neuronal integrity in these mice. While we did not measure the ventricular volumes in the Ppt1 -KO mice, the apparent increase in size of the ventricles compared to WT littermates was visually appreciable. The MRS analyses showed a generalized decrease in NAA, a biochemical marker for the neurons, in the Ppt1 -KO mice. The progressive increase in myoinositol was most likely due to increased infiltration of activated astroglial cells.
The metabolic changes uncovered in this study was considered to be from the gray matter where most significant degenerative changes occur in INCL, assuming that any alterations from the white matter and cerebrospinal fluid were minimal. The decline in the levels of NAA indicated a reduction of the neuronal population and an increase in myoinositol levels suggested infiltration of astroglial cells in the Ppt1 -KO mouse brain. Interestingly, the NAA levels in the brains of Ppt1 -KO mice of all age groups were significantly lower than those of their WT littermates, which might be the reason why a progressive decline in mice of 3-6 months of age was not appreciable. Thus, it appears that the onset of neuronal degeneration occurs earlier than 3 months of age. The other likely possibility may be that due to the progressive decline in cortical volume, voxel size used in this study covered only a fraction of the ventricle and the hippocampus as the brain volume declined. Therefore, the NAA concentration for a given voxel is likely to have a higher variability in these mice. Thus, although we assume a significant reduction in NAA occurs with disease progression, it is possible that curve fitting overestimates the relative peak area of NAA. This problem may be rectified by using voxels covering a smaller area in the MRS to include only the cortex. However, this approach may impose other experimental constraints. First, the naturally low metabolite concentration that gives rise to relatively weak MR spectral peaks may be diminished significantly when the detection volume (voxel size) is reduced, thus leading to even weaker MR spectra. Second, reduction in voxel size would impose stricter constraints on the hardware that would be necessary to achieve smaller voxels. One alternative approach may be to acquire the MRS repeatedly to increase the metabolite signal intensity. However, this may add considerable amount of time to in vivo scanning, which will require prolonged anesthesia that may compromise animal survival. While further studies are needed to improve these parameters, one caveat that needs to be addressed is the increased length of time required to complete these studies, which may alter the physiology of the brain of these animals under anesthesia for a prolonged period of time.
To confirm that the decreased NAA and increased myoinositol levels indicate decreased number of neurons and increased astroglia, respectively, we performed immunohistochemical analysis of the brains from age-and sex-matched Ppt1 -KO mice and those of their WT littermates. We analyzed the brain sections using Golgi-Cox staining for neurons and antibodies against glial fibrillary acidic protein for astroglia. The results of immunohistochemical analyses correlated well with those of the MRI/MRS studies. A detailed histochemical study on neurodegeneration in Ppt1 -KO mice was conducted and the results of this study showed successive neuron loss in the thalamus and cortex of these mice [28] . Our MRI and MRS results on live Ppt1 -KO mice are consistent with the results described in this study. Thus, the progressive decline in brain volume quantitated from brain MRI appears to indicate a loss of neuronal population in the brain of Ppt1 -KO mice with corresponding increase in a glial fibrillary acidic protein staining, which is indicative of the astroglial population. The later finding may also suggest the presence of neuroinflammation as increased astroglia in the brain of the Ppt1 -KO mice has been reported to increase with this condition [37] .
ADC portrays the heterogeneity of molecular diffusion effects of water within the brain microenvironment [38, 39] . These results suggest that the Ppt1 -KO mouse brains undergo structural changes which allow increased degrees of freedom for the diffusion of water to take place at a very early stage. These could be due to a cascade of events from reorganization or breakdown of cellular architecture, which in-turn could manifest as increase in ADC. T 2 relaxation time maps characterize how fast excited water magnetization returns to equilibrium. In the brain, T 2 variations are also related to the interaction of water within cellular / tissue components in its microenvironment. The decrease in T 2 with age could be due to the variation in the degree of fiber myelination [40] . However, unlike ADC, the local interactions, which may change relaxation rate differences, do not seem to be affected with the disease. Similar observations have been reported for other insults such as cerebral ischemia [41] .
rCBV is an important cerebrovascular parameter. USPIO, the paramagnetic intravascular contrast agent, has a relatively long half-life in the blood. Once infused, USPIO remains intravascular and the magnetic susceptibility of iron induces increased T 2 relaxation [42] . This leads to hypointense regions in MR images depicting quantitative information of microvasculature in specific neural tissues which eventually may be coupled to the physiologic state of the brain. The magnetic susceptibility-induced contrast in WT mice and their 3-month-old Ppt1 -KO littermates reflects rCBV. However, the increase in rCBV in the brain of 6-month-old Ppt1 -KO mice, whose microvasculature may be rendered leaky [43] due to neurodegeneration and, therefore, the calculated rCBV values) are likely to be influenced by the interplay of altered vessel properties. Thus, the increased rCBV measured in 6-month-old Ppt1 -KO mice is likely to be slightly overestimated due to the magnetic susceptibility effects as USPIO diffuse to the intracellular spaces. Furthermore, neurological damage which may lead to hypoxia can lead to vasodilation of the cerebral microvessels and show increased rCBV values [44] , which is likely in 6-month-old Ppt1 -KO mice. These mice may also have reduced cerebral compliance, and hypoxia-induced vasodilation can impair function of more vessels leading to increased USPIO leakage to the tissues. As neuronal apoptosis is prevalent in the brain of these mice [33] [34] [35] [36] , angiogenesis, and possible increase in rCBV [45] , may alter the level of tissue perfusion affecting viability of neural tissues. One other possibility for increased rCBV could be due to engulfment of USPIO by phagocytes, which infiltrates the brain of these mice [46] . However, since our USPIO scans are completed within 5 min of infusion, it is highly unlikely that astroglial cells (phagocytes) can engulf a significant amount of USPIO within this short time to affect rCBV.
To our knowledge, this is the first time an attempt has been made to repeatedly evaluate and document the progressive nature of neurodegeneration in an animal model of INCL without sacrificing the animals. In this study, the brain volume measurements appear to be the most reliable method of evaluating neurodegeneration, although the use of smaller voxel for MRS may also yield reliable results. Thus, our results suggest that MRI and MRS are useful tools in evaluating the effectiveness of novel therapeutic interventions in this animal model of INCL, a devastating hereditary neurodegenerative lysosomal storage disease.
